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FOREWORD 


This report is concerned with the construction of a compact 
87 

Rb maser, of its control electronics and of a receiver capable of 
locking a crystal oscillator to the maser signal. 

The project was realized with the help of a grant from the 
National Aeronautics and Space Administration (NGR-52-133-001) . It 
is the second phase of a development program on Rubidium masers. The 
work was done in the Quantum Electronics Laboratory of the Electrical 

A 

Engineering department of Laval University. The research of this 
laboratory is oriented mostly towards the study of atomic frequency 
standards and extends to many aspects of studies on standards that 
can be derived from Quantum Electronics phenomena. This project is 
part of this general program. 


Jacques VANIER 
Professor 

(Principal investigator) 
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INTRODUCTION 


Rubidium masers are well known for their unsurpassed short 
term stability. Previous measurements have shown this characteristics 
and results have been published elsewhere (1) • These results were ob- 
tained on rather crude laboratory type masers and their design had a 
lot to be improved on. In fact the masers were large and bulky. This 
was due to two factors. First much of the design specially on the 
magnetic shielding was borrowed directly from hydrogen maser technology. 
Secondly the masers sere built for easy access in order to rapidly 
change components , Furthermore , in those masers , the output appeared as 
a signal at 6.834 GHz and a receiver capable of locking a crystal 
oscillator at 5 MHz to the maser signal was highly desirable. This 
report gives details of the construction of a compact rubidium 87 
maser. It is of the same type, "quartz cavity - quartz bulb", as the 
early models built in our laboratory but is of a much smaller size. 

However its design is much improved upon the earlier ones. This report 
gives also the design of a receiver capable of locking a crystal oscillator 
to the maser signal. 

For convenience we have divided this report into 4 sections 
which deals respectively with 1) the maser construction, 2) the maser 
control electronics, 3) the receiver, 4) some preliminary experimental 
results on the maser characteristics. 
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1) The maser 

Figure l.a shows the details of the contact maser that was 
built. One of the essential part of the maser is a main aluminum 
cylinder which serves two purposes: a) it serves as a support of the 

various components and b) it plays an inportant role in maintaining 
the cavity at a constant temperature with negligeable gradients. 

The quartz cylinder forming the body of the cavity is silver 
plated on its inside and is held tight inside the aluminum cylinder by 
silicone rubber 0 rings. This cylinder sits on a bottom plate which is 
attached to the main cylinder and viiich is in good thermal contact with 
it. The top plunger of the cavity, used for course tuning, is highly 
transparent to the pumping light. It is made of a copper disk 1 cm 
thick drilled with small holes acting as cut off wave guides at the 
microwave frequency at which the cavity resonates ( ~ 6835 MHz) . iTiis 
top plunger takes its reference point on the quartz cylinder itself. 

It is held in place by beryllium copper springs which themselves are 
held by a ring attached to the main aluminim cylinder. The arrange- 
ment provides a certain amount of condensation against tenperature 
fluctuations. Actually the temperature coefficient of the cavity is 
approximatly 2.7 kHz/<^C and depends on the storage bulb used. 

The maser storage biilb, used in this type of design, (in 
contrast to the stainless steel vacuum tight design) is made of 
high quality used silica and fills almost entirely the inside of 
the cavity. This is done in order to make the filling 
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factor as large as possible. The construction of the bulb is also cha- 
racterized by very thin walls. This is done in order to minimize dielec- 
tric loading and associated microwave losses which would decrease the 
quality factor of the cavity (2). The bulb has a single tail vdiich is 
used as the rubidium reservoir. The bulb is filled with 10 Torr of N 2 
for maximum gain (3,4) and a few mg of Rb. The filter cell is attached to 
the main cylinder through an aluminum 0 ring. This cell is made of pyrex 
and its dimention are 3” in diameter and Ij” in lenght. It is filled with 
70 Torr of Argon and a few milligrams of Rb®^. 

An initial design of the larp which consisted of seven small 
independent units, has been discarded. The main reason was the dissipa- 
tion of heat inside the maser by the lamp oscillator driving transistors. 
It was very difficult to control the maser temperature since most of the 
heat was coming from these transistors. The final design retained is 
that using a single 1" bulb inside a 3” polished aluminum reflector. 

The lairp is driven by an external oscillator to the maser. In this way 
heat dissipation problems in the maser are avoided and the power to the 
larp can be controlled easily. The whole arrangement, cavity filter and 
larp, is surrounded by three concentric mangetic shields. A solenoid 
creating the magnetic field of the maser is placed inside the magnetic 
shields. It incorporates one compensating coil for a first order cor- 
rection to the inhomogeneity of the main solenoid field. The tenf>erature 
of the maser is maintained constant through five tenperature controls 
drivings heaters situated in five critical regions. These heaters 
are distributed as follows; 1) one outer oven between the innermost 
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shield and the second one 2) one inner heater wound directly on the 
main aluminum cylinder 3) one heater for controlling, the tenperature 
of the rubidium reservoir or bulb tail 4) one heater for the filter 
cell 5) one heater for the lamp. All these ten^eratures are regulated. 

The maser as such is mounted in the back of a 19" wide standard 
rack panel, mounted itself on a cart that can be transported with the 
control electronics and the receiver. 

The drawings of all the parts of the maser are included in 
annex (A). Figs. l-b,c show the physical appearance of these parts 
while Fig. 1-d shows the maser in its nwvable cart. Fig- 1-e shows the 
complete unit including the receiver and control electronics. 


2) Maser control electronics 

> 

The maser control electronics consists of three main units 
1) the tenperature controls 2) the lairp oscillator 3) the magnetic 
field control. 

The five temperature controls are of identical construction. 
The circuit used is given on figure 2. The sensors of each unit is a 
thermistor which is mounted in a Wheatstone bridge. The temperature 
is set by adjusting the value of resistor . The differential am- 
plifier Ay. senses the unbalance of the Wheatstone bridge and commands 
a power transistor to supply more or less current to the heater wires. 
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The heaters themselves are made of bifilar twisted resistance 
wire. This technique is relatively sinple to use and is extremely effi- 
cient in avoiding the creation of stray magnetic fields. • 


These kind of control have a wide range of operation and 
gives temperature stabilities of the order of O.Ol^C, depending on the 
isolation, for external variations of the order of 5^C, They are used 
throughout the system for controlling the temperature of various regions. 

We have tried to keep the various control points as indepen- 
dent as possible, but this cannot be done completly. Consequently 
the temperature of the various elements of the maser is dependent 
somewhat on the setting of the temperature of the other elements. In 
fact one wants in the same unit the four settings. 


Cavity and maser bulbs 
Rubidiim reservoir 
Filter cell 
Lamp 


T = 60°C 

c 

Tj^ ^ - (2°C to 5°C) 

T^ = 750 c to 80°C 

Tj^ = 115°C 


The gradient between the maser bulb and the rubidium reservoir is ne- 
cessary in order to keep to a minimum value, the microwave losses which 
would be created in the cavity by a rubidium film. 
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The la mp oscillator 

The lanp is driven by an oscillator external to the maser cohue 
circuit is shown in figure 3. The coupling to the lairp is made through a 
loop at the oscillator end. At the lamp bulb the discharge is excited by 
a coil mounted around the lanp itself and tuned to the frequency of the 
oscillator through capacitor Gj. . The match to the transmission line 
is obtained by feeding this parallel resonant circuit through the trans- 
former formed by the coil itself. In fact the transmission line is con- 
nected at approximatly 1 turn from one end of the coil which is made of 
seven turns. This method of coupling permits the realisation of an almost 
perfect match. The power to the lairp itself can be varied by varying the 
voltage applied to the oscillator. Due to the thermal isolation that 
exists around the lamp, approximatly 5 watts of r.f. are enough to drive 
the laitp and bring it to approximatly 115°C as required. However this 
is an undesirable state of operation beacuse the temperature of the lanp 
is controlled by the oscillator power. It is then preferable to operate 
the lamp with a somewhat lower power and to compensate by heating it 
through an external thermal control . , This method allows a more stable 
state of operation by controlling the temperature of the lanp. The r.f. 
power to the lamp, however, is left uncontrolled but this is quite standard 
practice in rubidium passive clock technology where good results are ob- 
tained. Effectively, it is found in general that the maser frequency 
through the light shift depends more on the lamp temperature than on 
the r.f. power itself if the lanp tenperature is controlled mainly from 
an external oven. Furthermore it was found in the maser built, that 
the lanp tenperature being quite high C115°C) had a direct influence on 
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the maser bulb and cavity ten^erature and produced frequency fluctuations 
in the maser output. These were caused through the combined effect of 
the buffer gas teirperature coefficient and the cavity pulling. This 
yuas another reason why the temperature of the lair^j was regulated. 

!!}®_5)5S5§^i^_fi§id_contrgl 

The magnetic field is created by a solenoid driven by a current 
source. The diagram of this source is given in figure 4. The circuit is 
designed in such a way as to control both the main solenoid and the first 
order correction coil at the same time, once the ratio of the current of 
both coils has been established for proper operation. 

*» 

5) ' The "receiver 

The block diagram of the complete receiver is shown on fi- 
gure 5. It consists essentially of a basic crystal oscillator with 
10 MHz output frequency. This frequency is multiplied by 680 giving 
an output at 6.8 GHz. This frequency is mixed with the maser signal 
in a balanced mixer (and the signal at the difference frequency (34.6 
MHz) is aiiplif ied through amplifier A ^) . This amplified signal is 
again mixed with a signal at 30 MHz derived by multiplication (x 3) 
from the basic crystal oscillator. The difference frequency of the 
order of 4.68 MHz is anplified and mixed again with a 5 MHz signal ob- 
tained by division (t 2) from the main basic oscillator. The am- 
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plified difference frequency at 311 KHz is anplified and mixed 

vdth a signal at 300 KHz obtained through multiplication of the basic 
oscillator by • The difference frequency 11 ... KHz is then 
conpared in phase with the output of a synthesizer driven by the basic 
crystal oscillator. The synthesizer is operated at 11 ... MHz and 
then divided by 1000 to obtain fine adjustment on the frequency from 
a coarse variation on the synthesizer itself. This technique has 
also the advantage of reducing somewhat the noise. The phase diffe- 
rence between the two signals at the level of 11 KHz appears at the 
output of the phase detector as a d.c. signal which is used as an 
error signal through an integrator to correct the basic crystal 
oscillator from any deviation in phase relative to the maser signal. 
This is a phase lock loop system and the crystal oscillator is locked 
in phase to the maser signal. 

Most of the items shown on figure 5 have been designed and 
constructed in our laboratory. The units that have been obtained 
commercially are: 

Isolator 

Attenuator At 1 
Multiplier NRi 5 
Mixer Preanp. M:Aj^ 

Synthesizer (11.5 MHz) 

Master Oscillator VCXO 

The circuits diagrams of all the other units in figure S are given in 


annex B. 
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4) PtelimiMi!y i^esUlts t)il the gy^tem charac^t^istics 

Although the system performance has not been studied in detail 
yet, the characteristic of the maser as such has been investigated rela- 
tive to its frequency stability. These measurements were made in two 
steps. 

a) The maser was coirpared directly with one of our laboratory model 
maser through the arrangements shown a figure 6. This technique 
permits measurements in the range of integration times from appro- 
ximatly 1 msec to 1 sec. 

b) For times longer than 1 sec the stability of the Rb maser used as 
reference is not good enough and one has to use a different set up. 
This is shown in figure 7. In this case a hydrogen maser serves 

as the reference. A crystal oscillator phase locked to the hydrogen 
maser was used to drive a synthesizer which was then multiplied to 
a frequency of 6834 MHz. This was then used as the reference os- 
cillator and measurements could be done in a standard way. The 
results obtained are shown in figure 8. 


I^ggjSSlW 13R.LTHa.J^E5UITS 


The results reported here are very promising. In fact the 
medium term stability of the maser is rather good. This was obtained 
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sinply by using known technology and improving the mechanical design 
of early models. 


In fact we know now that many improvements on the system could 
be made if certain important physical parameters were better known and 
if a few transformation were made to the system. These concern specially 
the lamp oscillator and the tenperature coefficient of the buffer gas 
and cavity. In the present design the lamp temperature fluctuations 
influences directly the maser cavity temperature. This in term intro- 
duces variations in the maser output frequency. Secondly the presence 
of the buffer gas could be adjusted to compensate closely the cavity 
pulling. In fact the temperature coefficient of the cavity is approxi- 
raatly2.7 KHz/^C (quartz cavity partially compensated). The effect 
produced on the output frequency of the maser is obtained through the 
following relation 


Av_ 


m 



For 0^ ~ 32,000 , 


5 X 10^ 


we obtained 


Av^ = - 2 Uz/°C. 
m 


since the tenperature coefficient of the nitrogen buffer gas is 0.6 
Hz/®C/Torr, a low pressure of nitrogen would be required for 
proper operation. However the maser maximum gain is obtained at 
approximatly 10 Torr of nitrogen and it is not known yet if the maser 
can operate satisfactorily at such a low pressure. It is probable 
that a wise solution wuld be to use a mixture of gazes in which the 
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nitrogen pressure would be maintained at about 10 Torr vdiile its tem- 
perature coefficient would be reduced by the addition of a gas with a 
negative tenperature coefficient such as Argon, 

These points remain to be investigated in detail and are part 
of another project in this laboratory. 
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IMPORTANT NOTICE 


The results given in this report refers to a maser using 
quartz storage bulbs manufactured prior to 1969. Those bulbs could 
be operated at approximatly 60°C without condensation of rubidium on 
their inner surface. Bulbs fabricated recently (after 1970) have showed 
marked differences in behaviour. These last bulbs require an operating 
tenperature of about 90°C in order to prevent rubidium condensation and. 
cavity Cp degradation. This point is being investigated extensively and 
is part of another project. 
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FIGURE 2 

FIGURE 3 
FIGURE 4 
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FIGURE 7 
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Diagram of the compact rubidium maser Rb-Ml . 

Physical appearance of the various parts of the maser. 

Close up view of the bulb lamp and filter cell. 

The maser assembled and mounted in its transportable cart. 

The coii 5 )lete unit including the control electronics and 
the receiver. 

Circuit of the tenperature control used for controlling 
the temperatures of the various points in the maser. 

Circuit of the lainp oscillator. 

Magnetic field control circuit. 

Block diagram of the receiver and VCXO phase lock loop. 

Set up used to measure the short term stability of the maser. 
Set up used to measure the mean term stability of the maser. 
Results of measurements of the stability of the Rb maser. 
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AM^EXE B 


Drawings of the main electronic circuits entering into 


the receiver section. 
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ANNEXE D 


Light Shift Effects in the Maser. 

Paper published in Appl. Phys . -Lett . , 23, 395, 1973. 
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ANNEXE 


Dravdngs of the parts entering in the construction of 
the Rubidium maser Rb-ML. 
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